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ABSTRACT

A study is being conducted at thc Nava! Supersonic

Laboratory to determine the feasibiJity of a new method of

rcket thrust contrnl. The method is one in which the in-

jection of a secondary flow throttles the primary or matn

nozzle flow.

The initial phase of the work centered around the

use of a low pressure-ratio nozzle exhausting to atmos-

phere. A variety of secondary injectior configurations

were zd. All of these were located in the throat region

of the main nozzle. Asymmetric (axiallv) as well as

syrnmmetric configurationc were investigated

Results obtained thus far indicate that sign=ficant

flow throttling can be a hieed through secondary injection.

Nozzle thrust is directly proportional to total flow and totai

flow is approximately linearly related to secondary injec-

tion rate. Performance is a strong function of injection

angle but insensitive to injection orifice arrangement or

asymmetry A relatively simple analytical mudel was

devised which agrees with the flow thr "tling data.
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SECTION I

INTRODUCTION

As modern rocket engines move toward the million pound thrust

range, the problem of thrust vector control becomes increasingly im-

portant. Gimbal systems have become enormous and, as yet. good

methods of engine throttling are virtually nonexistent. The need for

more effrient systems is apparent.

The Naval Supersonic Laboratory (NSL), encouraged by the NACA

work reported in Ref. 1, proposed to the Office of Naval Research (ONR)

to undertake a program of inves'-gation of a new method of rocket thrust

control. In December 1958, ONR support was furnished under Contract

Non- 1841(61) to perform a Phase I feasibility study of the problem.

The method of thrust control under study here involves the use of

a secondary flow which effectively throttles the main nozzle flow. It was

felt that syrn.netric injection for thrust modulation and asymmetric in-

jection for vector control should prove to be efficient.

The Phase I results are summarized in detail in the present re-

port. These results have been promising enough to warrant further

study of the parameters affecting thrust control.

TR 430
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SECTION II

EARLY WORK

A. UNITED AIRCRAFT CORPORATION

Control of the thrust vector of a nozzle !;y means of fluid in-

jection was first investigated by the Research Department of the United

Aircraft Corporation (UAC). The important features of this investiga-

tion are diecussed briefly in this section.

The method, in general terms, involves the injection of a

secondary gas into a mai nozzle to alter the main flow. In the UAC

studies (Ref. Z), the secondary gas was injected into the supersonic

(divergent) portion of a convergent-divergent nozzle for the purpose of

changing the thrust vector direction. As expected, the resultant eenera-

tion of shock waves altered the pressure field in such a way as to add to
the reaction force of the secondary jet. The thrust vector was thus

changed and control was achieved by varying the secondary flow.

The UAC experiments were concerned with conical nozzles and

several injection configurations. The conical divergent sections of all

of the nozzles had a se-ni-vertex angle of 15*. Nozzle exit-to-throat

area ratios ranged from 8.0 to 25.0. Sonic and supersonic injection

port geometries were tested at various locations in the primary nozzles.

Almost all of the tests involved the use of single injection ports; only one

test had two ports, located 90* apart. In all cases, the injection port

axis was perpendicular to the nozzle wall.

The primary nozzle throat diametr was 0.85 inches while the stag-

nation pressure and temperature were 320 psia and 100*F. respectively.

Air was used as the working fluid in both the primary and secondary floas.

The secondary flow rate was varied to a maximum of 10 percent of the
primary flow rate, both flows were measured with flowmeters. The

thrust and sio force were measured dirertly by means of strain gage tech-

niques.

TR 430 3
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The UAC measur-ments indicated that side force is directly pro-

portional to secondary flow rate. In addition, this result was found tn

be indcpcnd2nt of the primary nozzle area ratio and pressure ratio as

well as the injectih n part location (whose range was well into the super-

sonic portion of the nozzle). In particular, the side force gencated is

approximately 1.4 times the calculated reaction force of the secondary

jet. The results for supersonic injection parts showed sensitivity to

nozzle contour in thai perzormanc, improves with shaping f.ur parallel

flow at the exit. However, supersonic injection, per se, does not in-

crease the side force induced in the primary noz7t,. The configurMltio..

with two injection ports showed that, based on equal total seco-idary flow

rates, the side force generated in a plane mid-way between the ports

was less than that for a single injection pol.

A similarity parameter was also developed which correlated a

limited amount of previously obtained data. That data was from both

cold and hot gas tests made by UAC and the Naval Air Rocket Test Sta-

tion. respectively. The parameter was derived from a simple analytical

approach which approximated the phys-cal situation. A ratio of ;ide

force to thrust was developed of the form

Side Force _ f function of gas properties and primary\
Thrust -. and secondary flow Mach numbers )
Secondary Flow Rate Secondary Flow Stagnation Temp

x Primar; Flow Rate 11 Primary Flow Stagnatton Temp,

where the expression in brackets iq on!y functionally defined. The hot

and cold gas data was found to vary in a linear fashion with the flow ratio

times the square rott of the temperature ratio Thus the expression in

brackets nay be represented by an empirical constant.

In summary, it may be said that the UAC work initiated the con-

cept of fluid injection as a means of nozzle thrust control. The tests

conducted by UAC were by no means an exhaustive study of the methni

In fact, the resulsts cited -bove shuw that an increase of side force of

TR 430 4
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only 40 percent is rcaliztd over that which would be obtaned with the

secondary flow not directed into the primary nozzle. Nevertheless,

the nmirr.ber and possible variation of the parameters involved indir-t,-

that there were areas yet to be explored.

B. NACA

The NACA also investigated the secondary injection method of

flow control. The ?'ACA experiments, reported in Ref. 1, concerned

symmetric injuction for flow throttling as well as asymmetric injection

for flow deflection. This program was designed to evaluate gas injec-

tion as a meane of controlling the exhaust area of a jet engine nozzle.

The following is a brief discursion of the NAGA study.

1. Model and Instrumentation

The NACA investigation concerned a convergent main (primary)

nozzle into which secondary gas was injected from a circumferential

slot at the nozzle exit (which is also the minimum section). The primary

nozzle was a conical one with a semi-vertex angle of 8 ° and an exit

diameter of 4.0 inches. Thf injection slot directed the secondary gas

perpendicular to the primary nozzle axis. The <.ot width was varied

such that the ratio of s!ot area to primary nozzle exit area ranged from

0.018 to 0.468. Asymmetric injection for primary flow deflection was

achieved by blocking a portion of the circumference of the slot. Sym-

metric injection means that the entire slot circumference was filled with

secondary gas.

The primary nozzle exhausted to atmosphere and was operdted at

pressure ratios of 1.6. 2.0, 2.4, and Z.8. The ratio of seccndary stag-

nation pressure to atmospheric pressure was varied between 2.0 and

7.7. Air was the working fluid in the primary and secondary flows, both

of which were measured with standard ASME orifices. The stagnation

temperature of both streams was approximately 530'R. The nozzle

asscmbly was held by a suzptenston system in which thrust and side force

were measured with force cells.

TR 430
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2. Test Results

a. Symmetric Injection

The results .')tained with &y-nmetric ifiection .. e-! .ht

the 4vduction in primary flow, which is related to thrust, varies almost

in direct proportion to secondary flow rate. Some typical measurements

have been plotted in Fig. I where primary flow is plotted against second-

ary flow. The basic sigsificance of the results shown is that the reduction

in primary flow is greater than the corresponding injected se-.ondary flow.

in addition, as the pressure ratio of the primary nozzle is increased, a
given primary flow reduction requires more secondary injection. How-

ever, the rate of increase of secondary flow rcquired is smaller than the

corresponding rate of increase of primary pressure ratio. This is

reasonable once the primary pressure ratio exceeds the sonic value (about
1.88). Thereafter the flow behavior should be sensitive to the secondary-

to-priinmry stagnation pressure ratio rather than the overall pressure

ratio of the primary nozzle.

Although the data shown in Fig. 1 corresponds to a slot-to-exit

area ratio of 0.033, it is typical of the other slot widths. That is, the data

is similar regarding the remarks just above. There is, however, a vari-

ation in performance with slot width. This vat idtion is illustrated by the

data shown in Fig. 2 wbich also corresponds to symmetric injection. The
increase in primary flow reduction (at a given w./wp,) with decreases in

slot width, shown for a primary pressure ratio of 2, is typi.d. This

effect may be due to the fact that potential secondary momentum is not

avalable at the low secondary pressure ratios which accompany large slot

w'dths and high flow rates.

A simple analytical model is discussed in Ref. I which was used to

correlate some of the sy.m metric injection data. It is similar to one that

was developed earlier by Martin (Ref. 3) which i. discussed in detail in

the next section. It is an empirical method in which an experimentally
determined factor correlates the data but does not prove the model.

A parameter was devised for use as a measure of the efficiency

TR 430
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of the nozzle in generating thrurt. It is called the thrum. ratio _.nd

defined as

Thrust
w w

_ V +-s V
g p g S

where the velocities V and V are the flow speeds attained 6y a pcifectp

gaz in an isentropic flow expansion from the appropriate stagnation

pressures to atmospheric pressure. For symmelric injection it was

found that the thrust ratio was between 0.94 and 0.98 in nearly all cases.

Thus, not only is the nozzle thrust proportional to total flow but it ap-

pears that the throttling process is an efficient one.

b. Asymmetric Injcctior

Nozzle performance was also measured, as mentioned

previously, with asymrnmetric secondary injection. Some of the results

in these tests have been plotted in Fig. J. This figure shows the flow

throttling achieved with asymmetric injection. Deslite the large differ-

ence in A s/A n from that o Figs. I and 2, flow throttling performance is

similar to that with much timaller A s/A . The effect of primary pressure

ratio is the same as that shown in Fig. 1, and this is also true at ratios

other than those shown in Fig. 3. In addition, the effect of As/An is the

same as that shown in Fig. 2, and thir also pertains to other primary

pressure ratios. Some effect of th- circumferential angle of injection is

observable in that a slightly greater primary flow reduction (at a given

•iw ) occurs with an angle of 45 as opposed to 90 degrees.

A parameter called the side force ratio was devised for uise in

comparing the performance of the asymmetric injection configurations.

The side force ratio in merely the side force divided by the same denom-

inator as that in the thrust ratio. The total measured side force ratio for

these same configurations is plotted against secondary flow in Fig. 4. The

effect of primary pressure ratio on the side force ratio is similar to that

at pressure ratios not shown. This effect is seen to be one which de-

creases thr side force (at L, give w/u ar the orim; ry pressure ratio

TR 430
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is increased. This decrease 1-.As two so.urcezs, bath of whi-ri arecloited

to the sigr,.cant flow throttling shown in Fig. 3. First, the reduced

effective flow area (in injection zorne), inherent with throttling, increases

the static prescure (as velocity decreases) on the walls upstream of the

injection slot. This increased static pressure decreases the momentum

of the :,-condary flow. Seconds, and more imp~ortant, as throttling in--

creases with secondary flow, the pressure distribution (which produces

side force) or, the walls upstream~ of the injection slot becomes less

asymmetrical.

Also shown in Fig. 4 are the effects of rlot width (A s-/A n) and cir-

cuznferential injection angle (j 3 ). Side force de-reases (at a given

wti/wfp0 ) as slot width is increased, at a constant fi of 90*. This is the

result, as in the previous case with symmetric injection, of decreased

secondary momentum associated with lower secondary pressure ratios.

A smaller effect on- side force is noted for the circumferential injection

angle 0. Side force increases tat a given ws./w PO) ars 13 decreases from

90* to 45' with the effect being more pronounced at the higher primary

pressure ratio. At pressure ratios higher than those shown, the effect

is like that at a primary pressure ratio of 2. It should be mentioned,

however, that a decrease in P0 must increase side force since secondary

injection is then more closely aligned with the bide force direction. In

view of this fact, the conclusion!5 just made should be regarded as being

somnewhat. tenuous.

The merit ofl asymmet-ic injection was partly judged in Ref. I bv

a comparison to tLtheoretical performance of a similar config-Iration

,operated exter.-tal to the primary nazzle. Although enumnerated only in a

few cases, results were apparently similar to those of UAC. In partic-

ular, the gain (over external operation performance) in side force

v.aried between 0 anti 100 percent. However, cains higher than about 50

percent were realizrd ortl- at very small flow:. (less5 than wj--w POof

3. Surnia rN

in sumt--r., be s-i 'hat ~ t-w~ %At:\ vvrk . '

30
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constituted a significant extension of the UAC- effort. articui'ari-

portance was the use of symmetric injection for flow -.. ttling. in -;%isI
connection, results With a convergent nozzle 5na-e' ht e rncc is
-A strn function -1 ha rrfrr

__....ar; M - ;aVa.... tV4:i4!5. Iiv ufi
injection slot width and Primary pressure ratio. Wt

In th2 caze of asyvmmctric injection, flow throttling, w; s found to
b- a similar !unction of the same variables as those of im~portance with
symmetric injection. A significant amplification in side forze attends
;;symmetric injection over a range of secondary flow rates. According to
Rtef. 1. however, the associated primary flow throttling would limit appli-
cation to the jet enginec nozzle problem.

Unfortunately, the lack of a clear spe-cification of experimental
error injects some uncertainty into the results. Nevertheless. the sig-
niicant trends -are no dioubt dependable.

TR430 9E
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SECTION I

THEORY OF THE AERODYNAMICALLY VARIABLE NOZZLE

A flow analysis has been devised which is substantiated by the

NSI (Phase I) experimental data. The NSL water table studies and the

work reported in Ref. 3 contributed significantly to the development of

the NSL theoretical model. The first part of this section presents the

theory developed by Martin in Ref. 3. The remainder of this section

briefly describes a water table study and develops, in detail, the NSL

theory.

A. MARTIN THEORY

The problem of secondary injection into a main stream is con-

sidered by Martin in Ref. 3. Secondary injection is viewed as a possible

method of obtaining a nozzle with a variable throat. It is poired out, as

in the NACA report (Ref. 1), that such a nozzle wo,.ld be cf use in con-

trolling the performance of a jet engine at different operating conditions.

Martin developed two theoretical models for the flow which occurs

with secondary injection. The first is based on the assumption that the

injected gas mixes completely with the main stream. The second one

assumes that the jet flow will be ... parated from the main stream bv

means of a vortex sheet. Although these models are treated individu. fly,

it should be noted that this procedure is regarded as a simplification

necessary to generate an amenable analytical problem. It is most likely,

as Martin points out, that in the real case both effects will be present.

Although the two theoretical flow configurations are discussed

separately below, certain simplifying assumptions are common to both.

The most basic one is that the flow is one -dimensional. In addition, the

primary and secondary fluide are al.sumred to be perfect gases whose

flow is isentropic. A further assunption is that the local injection

pressure and temperature (her,.e density) are equal to the stagnation

values in the rain stream. it was not suggested by "ar"' that these

TR 430 : -
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conditions are actually sai dbut rath%- that th-mir use Ieadc to Aran-

proximnately correc' choice of dependence u;l variables.

The asrmpt:on ot isen peorfect cas_ lo-w umnwfsvl' :-i-I-~

uepn rooxe-m vaniawcs mn a on;a-;e tashton. The ecquatzon or state- for
a perfect gas.

p pR T(

relats the pressure, density, and tmeareat ._ny point -.n te flow.

As st-own in Ref. 4, the energ; equeation i..*ay be wratten in the foilowinaj ap

propriate form:

In. addition, the lenergy equation is useful in obtainingP *b- follo-wzng

ene-o;nensional isentronic flow relations:

p MI

[ 4 I .- , 
4

All of the above equations apply throughout the flow in both thn-orrticai

moeze S.

t. Mixint Process Case

in the iirgprocess case the secondary ga mnixes with the

primary flo- In- Droduce a camt-inen streamn. The sketch on the foliow4.c

page thows the :mr-.rta-t feature-s o: the fl5aw confiau-ration. The secon-.

ary flow enters the nozzle(adc R, ) through a sl-ot (wdth b.) alnd is

directed at an a-nek, a wtth re-r' -r 
t
n. ti- -zz-: -xl:;.- Il-p

*T.he- Mach number o' the s-cor' -v flow as i ter the noC -
M:-other propcrties a-t lh-n l-- are_ 14denttfed by the bamne s

scr ipt notatton-

134'130
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Win tromJet klizng I

Cylindrical Cl"aVivi

and secondar~y streams mix to form a final stream tube of radius R2 .

The primary stream flows uniformly at Mach number M,1 at station I while

a uniform combined stream flows past station 2 at Mach number Mz.

The equations of continuity and momentum are then applied to the

fl.zw and, in particular, are evaluated at stations I and 2. The appropriate

form of the equation of continuity is

Pz Rz Mz2 yRTzI pRzMa1yRT: j'+ ZR1 b1 poM 15 [fyRT 1 5 ]' (5)

in which, .s mentioned above, the local injection density is taken as the

stagnation value in the primary stream. The continuity equation may be

rewritten as

1' r

wherc the primary and secondary fluids are the same gas. The at.aump-

tion that Tls TC, simplifies Eq. (6) since the temperature ratios cancel

unte another in the sc cond term........right hand s ide of th.- equation.

The equation of momentum iF applied in the form

TR 430 I
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p, R, + p, R, MI Iy R [T, T3 - 2 h, R., M, y R ro cos

-z p ,a + oz RZ Maz y R T (7)

which, like Eq. (5), is the general repres-ntation. As above, with the

primary and secondary streams being the same gas. the momentum equa-

tion simpifies to

POPO&]_ b _ 1,1 ToT. Cos~

-L+ Y Majj jl (8

This equation, however, has the additional assumption that the average

stagnation density at the combined streamv is equal to the inititl primary

stagnation density. Martin shows that this introetces a negligible error.

As in Eq. (b), the temperature ratios cancel in the third term on the left

hand side of Eq. (8).

When certain final ass umption,, are made the continuity and momen-

tum equations (6 and 8) yield a solution to the problem. The geometry is

specified by the assumption of values for the parameters b, /RI and e1
while the particular gas employed designates -y. The final assumptions

necessary are an initia secondary Mach number IMI. and the overall

pressure ratio pj /Po (also implies an M& ). In addition, the pressure,

density, and temperature ratios in Eqs. (6) and (8) are functions of Mach
number according to Eqs. (2), (3), and (4). Thus, Eqs. (6) and (8) ore

a pair of simultanzous equations with unknowns IR, /R, j and M, .
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Z. Vortex Sheet Case

The basic assumption in the vortex she,,t case is that th,_-- arv

and secondary streams do not mix. The flow configuration is shown in

the sketch below.

Stafteat Air

-i2

Mu .. .....
I I

Main Stream Vortex Shet I
CIyhndrical harm#

The secondary flow enters the nozzle in the same manner as that in the

mixing process case. In the vortex sheet case, however, the primary

and secondary flows are two distinct streams at station 2. At this

station, the primary stream has a radius Rz while the surrounding cyl-

inder of secondary flow has a thickneas bz . In addition to the corre-

sponding Mach numbers in the mixing process case, there is a secondary

Mzs at station 2.

There are two equations of continuity for the vortex sheet case.

The appropriate one for the primary flow is

pzRM)[yR T.z p, R, M, fyRT, I z (9)

which may be manipulated to the form

-- [i[ [l . (10)
p , T T,
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The continuity equationr for the secondary flow :s given by

tI
Piz R, b. M: . TZV Po Ra 'I AM jvR 1*J f 1)

5 . . . 5 I. si

where, as in the mixing process case, the local injection density is

taken as the stagnation value in the primary stream. Equation (11) has

the form of Eq. (10) w.hen rewritten as

Pz [ Rb, T,2

shoul R[, b [TJI [T 1 2 (2

it shudbe pointed out that the secondary continuity equation contains

the approximation that the cross sectional area of the cylindrical second-

ary flow is _- n Rz bz -rhis is a good approximation as lorg as «2R_ 1<

which would lie the cast if the secondary flow rate is small compared to

the primary *ne.

The momentum equation for the vortex sheet case is

4b. R, pz ,1 y RFI2.1 To 5  (13)

This equation may be simplified by manipulation and substitution of Eq.

(12), which results in the form

_ _Yr fi 1 }2.MN [To 5  ~1~ (4
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in this equaLiui as in Eq. (8), the temperature ratios t-ancel one another

in the third term on the left hand side of the equa.tion.

The continuity and momentum equations yield a problem solution.

as in the mixing process case, dependent upo" certain final assumptions.

These necessary assumptions are those of the mixing process case plus

an additional one. The additional assumption necessary is a specification

for Mz,. However, Martin assumnes that p, is equal to pt 5 which im -

plies a value for M~,as follows. The asstimed MI. implies a pl/p and

Pi- P0
pot; Pa5

Also, as stated above

&I Pz5

Po Po

and thuts

Pa 5  Pa 5

which implies the value of M. (by Eq. 3).

The pressure, density, and temperature ratios in Eqs.IO) and(14)

are, as mentioned previously, functions of Mach number. The determina-

tion of M.. according to the procedure above then makes Eqs. (10) and (14)

a pair of simultaneous equations with unknowns [I R, 111 and IMi.

3. Theoretical Results and Expes ijiist

The calculations carried out for the two Martin flow models are

presented in the following paragraphs. It should be noted that the methods

as presented in the preceding cc.. tions employ a different notation than

that used by Martin.

a. secon'd"r' Flow**

In the mixingz press and the vortex sheet case, the

secondayv flow rate -.s ;Zoverned by tht- same equation. In non-dimensional

1-1 430 )7
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form, the secondary flow imay be written as

V;s itRI b, po Mj y'T, I

-z T.l ~
I Pz NMZ [ .- yRToj

By the assumption's that were mentioned previously, Eq. (15) ,-iMnlifieS

to

P0 r 1 r (16

P, I ,, 11

Equation (16) shows that the secondary flow ratio varies directlv with

M, 5 *

b. Flow Throttling

The work reported by Martin included an experiment, and

the data obtained was coinpared to the results predicted by the two

analytical models. The calculations carried out by the NSL were for the

same condiicns as this Martin case. The NSL method and results

turmilar to Martin's results) are Presented below along with the appro-

priate comparison to the data.

It was mentioned in the previous tbections that a problem solution

requires certain frinal assumptions. In accordance with Ref. 3. the

geometry was specified by bi 1111 0.02 and *h 70*. Air was the work-

ing fluid (Y = 1.4) and the ovcrall prim-arv pressure ratio (pz -spa 0.5283)

was such that NJ, =I. The related assumptions yield a reat.~, ur

secondary flow ratio (from Eu. 1b) which is illustrated in Fig. 5.

Trhe final equations for both fiow mn_:dels were solved by a graphical

techniuie. As indicatud in the orevious sections, a problem solution

finaliv derv., frrnm a pair of 5imultanuotis; equations with unkno-n lp.

and M,1 . lox~eve-, these eo'Ia'ions Cannot be solved explicitly in the form

TR 4130 1.
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given. Thus, a graphical method was used in which Eqs. () a.,d (8)

(mixing process case) or (10) and (14) (vortex sheet case) were each

solved for f Rz iR 1' with both results being plotted as a fun -. i of M,

as shown iv the sketch bpIC-w. The intPr-eePt;nn m it is _ !-ticn .-.ith

the cor.-esponding M, and [ R_ /Rj ] satisfying the simultaneous equations.

A solution was thus determined for each assumed secondary flow rate.,.0
MOMENTUM

EQUATION PROBLEM

.8 VARIATION SOUTION

2./
CONTINUITY

Ic EQUATION
S.6 VARIATION

.5 NOTE: some Ws/ W%

.4 1 t I I

.5 .6 .7 .8 .9 1 .0
PRIMARY FLOW MACH NUMBER, M,

The most meaningful form of the results for both analytical models

is one which directly indicates flow throttl-ing performance. This is readily

achieved when primary flow is given as a fILoction of secondary flow. The

area ratic R, "R, jz found from the procedure above is a flow throttling

parameter in both models. The continuity equation (Eq. 6) for the mixing

process case shows that

R] "w + w

L "..p-
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Thus the primary flow throttling, a ratio of w /w , is determined by sub-
tracting the associated value of ws /w (assumed with Mis) from fRz/R1 I
In the vortex sheet case, Eq. (10) shows that

~w

since the primary and secondary streams flow without mixing.
The results for the mixing process and the vortex sheet case are

shown in Fig. 6 where primary flow ratio is plotted against secondary flow
ratio. The corresponding data obtained by Martin is also shown. It is
obvious from Fig. 6 that the daa does not corroborate the theory. How-
ever, without closer inspection the data seems to have some similarity to
the shape of the mixine process curve. This is contrary to the expecta-
tions of Martin who felt that, as the secondary flow increases, the flow
configuration should depart from the mixing process form to become one
of a vortex sheet character. The monotonically increasing difference in
flow throttling between the mixing process and vortex sheet cases is due to
the third term on the right hand side of Eq. (14). This term represents the
secondary stream momentum at station Z in the vortex sheet model and it
increases continuously with increasing secondary flow rate.

A few criticisms of the Martin flow models may be made immedi-
ately as suggestions for sources of the disagrccment shown in Fig. 6. The
first and most obvious one is the absence of viscous effects. However,
viscosity must be neglected with the hope of justification on the grounds
that the resultant solvable problem will yield a useful solution. If such is
not the case, then a more empirical method may be the only eventual
practical approach. One assumption in both flow configurations which de-
serves comment is that the local injection conditions (pressure, density,
temperature) are equal to the stagnation values in the primary stream.
This implies that the primary stream i- instantaneously at rest at the in-
jection station. However, it is obvious that the primary stream velocity
(at injection station) wi'l be small only when the effective primary throat
is reduced significantly by a good deal of throttling. in other wordS, the
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assumption appears to be a poor one at low values of secondary flow rate.

Furthermore, this assumption leads to somewhat unrealistic behavior of

the iecondary flow parameters, i'hat is, by Eq. (16) (with fixed bt /RJ

and Mz) w/w is directly orcortinn l o . t, catchan k10 . . . ... s  .... ..

secondary flow rate also has a different pos and To,. In additicn, when

M1 , exceeds unr.y, each flow rate has a different size throat upstream of

the entrance slot. This matter will be discussed further in the beginning

of the section on NSL theory.

The data obtained by Martin is sinilar to some of the NACA data

discussed earlier. A comparison is made in Fig. 7 where the appropriate

flow throttling data is plotted. It should be pointed out that in addition to

the differences noted in Fig. 7, t Martin data was obtained with a cylin-

drical channel while the NACA experiments were concerned with a con-
vergent nozzle. Nevertheless, the curves in Fig. 7 show at least quali-

tative agreement between the experiments.

4. Summary

The work done by Martin must be recognized as an important con-
tribution to the solution of the secondary injection problem. It was the

first thorough attempt to generate a theoretical model of the flow throttling

process. Although the analytical models devised by Martin were not well

substantiated by experimental data, the methods involved were certainly

worthy of study. 'n fact, that this was the case is demonstrated by the

next section. It is shown therein that study of the Martin methods led to

development of the NSL theoretical models which have been corroborated

by experimental data.

B. NSL THEORY

The data from a series of NSL experiments (Phase U, like the

Martin data, disagreed with the results of th. Martin analytical models.

This further evidence sugge-tcd that either the Martin hypotheses be

improved or ,me others be developed. An effort was undertaken with
these objectives and both have been achieved to an encouraging extent.
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Two areas of effort were responsib!e for the analytic,.l wirk

accomplishcd. One is the water table study, which ;- des. ried tn ,he

first portion of this section. The other is the further investigation of

the Martin models. which is di. 4ussed in the second portion of this

section.

The water table study and extended Martin work led to the final

development of the NSI. flow models. These are presented in the final

portion of this section.

I. Water Table Study

In anticipation of further and more detailed research with air

models (experimental), an experimental study was carried out to test

the applicability of the hydraulic analogy (Ref. 5) to the flow throttling

problem. It was felt that this techrique might contribute some under-

standing at very little cost or experimental complexity.

A simple model was built based on the analogy. In a few words,

the hydraulic analogue is the water flow through a horizontal channel

which simulates the flow of a perfect gas with a y of Z. The primary

nozzle wa. a convergent-divergent one with an exit-to-thrcat area ratio

corresponding to a Mach number of 3.0. In the flow through the nozzle,

according to the analogy, the water height is proportional to the density

and temperature in the -g_ while the gas preusure is proportional to

the square of the water height. The secondary flow was injected (from

a blot) at the throat of the primary nozzle, as it was in the previous

series of experiments with air (Phase 1).

The on:y measurements, aside from flow observations, obtained

from thi. test were primary and secondary fliow rate- data. However, it

was found that the water table data indicated essentially the same flow

throttling variation at- t. one obtained with air. Thus, despite the com-

parison of two-dimensional data (water table) and three-d-amensional data

(Phase I, air) the ana:ogy appeared to hold much butter than had bc.-n

anticipated.

In spite of a lack of under-t ,v,;-g . ,lt -h still exists) of the

procers which made the analogy hold so %%ell. pians werc formulated for
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more refined and extensive tests. These sbadies were to be done on a

larger water table at the MIT Hydrodynamics Laboratory. However,

two-dimensional tests of the same kind, but using air, were found to

lookc qlrnjlarjv attractive l44an t^o ,victinn NSf -- piinmentO andofe,,

the use of the NSL schileren capability. In addition, it was felt #hat

such data would be more directly applicable to an axisymmetric air noz-

zle. Thus, the water table method was abandoned in favor of two-

dimensional air tests.

Nevertheless, the relatively crude experiments of the NSL water

table did contribute to the effort. These tests were fruitful in that the

flow observations helped to evolve the analytical models discussed in the

remaining parts of this sction. In particular, the water table flow

showed that all of the throttling took place in a relatively short axial dis-

tance. This was regarded an support ft use of a constant-area

channel flow analysis. In addition, the ue of ink (as a visual aid) in the

flow pointed the way toward the secondary flow behavior used in the NSL

flow analyseb.

Z. Martin Models

The Martin analytical flow models, discussed in the preceding sec-

tion, were studied beyond the work reported in Ref. 3. These studies had

the objective of improving the analytical results and, in particular, cor-

relating the NSL experimental data (Phase I) which is presented in a sub-

sequent sectionz.

The mixing process and vortex sh -et cases were derived in the

notation of the previous section, but accoi ding to some new assu-mptions.

The assumption of local injection conditions (p. p, T) being equal to the

primary stagnation values was modified. The implications of this assump-

tion were mentioned on page 20. Although these implications might be

considered acceptable for very small secondary flows (up to w /w - 0.05),

they become unrealistic at higher (up to w /w 0.15) but still reasonable

levels. Nevertheless, to maintain the basic nature of the M.artlin appoach,

it was assumed that the local primary static pressure equals the loal in-

iection pressure
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In addition, a new assunption was made regarding secondary in-

jection. It was assumed that the secondary strezam flows through a sonic

orifice uf fixed area from a reservoir at some stagnation pressure and
stagnation temperature. * Furthermore. it was artqtrn.pd that the .

station was at the sonic point of the unrestricted primary flow. The sonic

orifice assumption simplifies the secondary mass flow equation but it

means that the secondary-to-primary stagnatton pressure ratio has a lower

limait oi one (for theoretical calculations). Since the secondary stagnation

temperature is a constant (constant ratio to the primary value), the second-

ary flow rate varies in prcp rtion to the stagnation pressure.

It was felt that these conditions were more realistic than those of

Ref. I.

a. Secondary Flow

The secondary flow rate, as in the previous section, is

governed by the same equaticn in both the vortex sheet and mixing process

cases. However, the exact form of the secondary flow ratto is now given

as

[..*s ios] [-.. I To ]

= [(19)
L P0 TO 0j

which is based on the new assumptions relevant to the secondary flow.

This equation also assumes, as before, that the primary and secondary

fluids are the same gas.

Thus, the sketches of the Martin flow configurations in the preceding
s 5c.au& -dre still relevant with only slight modification. The flow now
enters the channel through a sonic orifice of area A, rather than an
cntrnce of w-th b, . Accordingly, the area of th secondary flow, in
the vortc sheet case, is A2S at station 2.
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b. Mixing Process Case

The important features of the mixing process case are

shown in the sketch on page 13 except for the changes noted above. The

continuity equation, analogous to Eq. (6), is

r ,Z rIt-4 z [&M. c IrPoI -, 1TM FRPoJ LToj

A j;:.j oi T l FTo 5

wI 0 [Po j[ j T, j

in which the secondary flow term is the same as that in Eq. (19). Fur-

thermore. this term is, of course, the one which makes the equation

different from. Eq- (6).

The momentum equation is the same as Eq. (8) except for on-
term and is written as

+ M [A, (CZ] (2)

_j [., R .' r p;

EL r M It I'l /

where A,1 /Al s is the isentropic area ratio which corrcspends to M.

Hereafter, MI. denotes the Mach number to which the secondary flow is

RThc isentropic flow area ratio is a form of the continuity eq-_tion for a
perfect gas and is given by

A~~ 11 , 4 -1'.--AI 1

in which M is the Mach number at the station where A is the area, in a
streamtube flow.
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assumed to accvlerate as it enters the primary nozzle. The ,ne-ction

Mach number is unity since, by definition, the secondary flow is ex-

hausted from a sonic orifice. A before, it is assumed that the a-erage

stagnation density of the combined stream is equal to the initial primary

stagnation censity.

c. Vortex Sheet Case

The vortex sheet flow configuration is shown by the

sketch on page 15 except for the changes noted on page 24. The con-

tinuity equation is the sanz.e as Eq. (10). The continuity equation for the

secondary flow is treated below.

The momentum equation, anaflogons to Eq- (14), is

P + Y " A *L I± cos

I ' M, A.5  1 7 R 1  Cos

-Z [+ YMI (RjVI.Y M. I s~ s (2)
P3i - RJ - s Ax Rl PO 2

L

her A. i iser-tropic area ratio which corrcsponds to -M,

from secondary flow continuity considerations. The sccondary Mach

nwmber Ma =s determined, Mr before, by pI:/N according to th. pro-

cedure on nage 17.

d. Flow -rott-ling Results

The flow models developed above are anakzgous t- those

of the preceding section and essentialZly the same final assum-ptions are

recuired for a problem solutlon. ft :s also Avious that these assumnp-

tv.mns result in a railar ;:na set of simultan -ous equations.

it was assumned, ac n the previous instnce, that the overall

primary pressure ratio ( p,: O wS4 -Aas such that M. i. Also.

See footnote on page 15.
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air was again the working fluid in both the primary and secondary streams.
The secondary-to-primary stagnation tc.4;pcrzture raiu wds assumed to
be unity, which reduces Eq. (19) to

W pos  A~ s  (23)
w P it RIZ

The value of A*s/n Ra , analogous to 2b 1 / R 1 , was chosen somewhat

arbitrarily as 0.05. The injection angle * was taken as 60* since this
was the angle peculiar to the NSL Phase I tests. The resultant sets ofsimultaneous equations for the two flow models were again solved by the
graphical technique presented on page 19.

The results for the mixing process and vortex sheet cases areshown in Fig. 8 where primary flow ratio is plotted against secondary
flow ratio. It is not possible, as mentioned previously, to generate
meaningful results at a Ps/Po of less than one, which by Eq. (23) cor-
responds to a w./w p of less than 0.05. Thus, the -olid curves begin at
this value of secondary flow ratio. Over the conaparable range ofsecondary flo, rates, the previoLs corresponding results of Fig. 6 show
reasonable similarity considering the parametric (injection area, *)
differences. However, at higher flow rates the method of Ref. 3 (cor-
responding te results in Fig. 6) yields significantly more flow throUtliig
than that shown in Fig. 8. This diff 'rence in performance can be traced
to the assumption which coiscerns !cs l injection conditions. The NSL
(Phase I) data corresponds to significantly less flow throttling than theprediction of the method of Ref. 3. Thus, the modifications which cor-
respond to the decreased flow throttling r"esults of Fig. 8 may be re-garded as improvements i.- the Martin models.

3. NSL Fl,-w Models

Further strly led to modifications of the Martin flow models
which then yielded results that proved to correlate the NSL data. In
aadition to the imprvivement ia the Martin models, a new ne was
developed which is also supported by the er3criment %I results.The major modification of the Martin i.odelt is a diffr-rece
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in the treatment of the stagnant .ir zone (see sketches on pages 13 and

15). It was felt that this separated flow zone might exist at some very

low p-essure. That is, the centrifugal force on the secondary flow as

it changes direction (by n - t) might leave little flow near the wall

just downstream of the injection point. Therefore, for the purposes

of analysis. it was assumed that the separated flow zone pressure is

negligible (mathematically, zero) compared to that in the primary and

secondary streams. The resultant flow models are called the "second-

ary mixing8 case (modified mixing process case) and the "sheet flown

case (modified vortex sheet case).

The detailed development of the secondary mixing and sheet flow

cases is given below. Also presented is the development of the third

model which is called the secondary expansion case.

a. Secondary Flow

The secondary flow ratio is given by Eq. (19) for the

secondary mixing, sheet flow, and secondary expansion flow models. In

all three cases, the assumption is again made that the primary and

secondary fluids are the same gas.

b. Secondary Mixing Case

""e secondary mixing flow configuration is shown by the

sketch on page 13 as modified by t'e remarks on page 24. The appropriate

form of the continuity equation is given by Eq. (20).

The momentum equation, similar in fo-r to Eq. (Z1), is written

in the present case as

PL [+,?MZ - ] CosY

,P,
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This equation has the additional assumption that the entering secondary

flow does not ewcpand to qiiper.ronic rpd That is, it rices not accellerate

along the original entrance direction. This is bclicved to be a more

realistic ansunnition and it :q ainnnrteA hv nC th.- -',qf-

table flow. The pressure ratio V /p, is thus a cons.tant (sonic value. 5

of 0.5283) with M, 6 being equal to unity. Finai~ly, it is again assumed

that the average stagnation density of the combined stream is the same

as the initial primary stagnation density.

c. Sheet Flow Case

The flow configuration for the sheet flow case is showa in

the sketch on page 15 as modified by the remarks on page U4. The sheet

flow case continuity equation for the primary flow is the same as Eq. '%I^).

The momentun equation for the sheet flow case is given by

rpi * i , ___

+' -, _P _i

2 H [ A1 (25)

where, as in the secondary mixing case. it is assumed that the entering

secondary flow does not expand to supt rsonic speed. Also. Az /A is

the isentropi.. ar-a ratio which corresponds to Mz from secondary

flow continuity consiWe rations. The secondary Mach number Mz is again

det~rmined by p2 9//po 5as showi ar. page 17.

See footnote on page 25.
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d. Secondary Expansion Case

In the secondary expansion model the flow behavior is

somewhat different f.-unn either of the preceding cases. The secondary

flow enters the nzzle., as in the preceding models, through a sonic

orifice and is directed similarly, at an angle of injection 4 . tn

addition, the primary and secondary streams, as in the sheet flow

case, do not mix as they flow downstream. However, in the present

model the secondary stream expands as it flows to station 2 (see ske'ch

on Page 15), filling the region between the wall and the primary stream.

Furthermore, the secondary flow expansion is isentropic and the Math

number Ms is given by the isentropic area ratio As/As. Thus the

secondary expansion model ass-xnes that the secondary stream does not

separate from the wall.

The continuity equation for the present case is the same as that

of the sheet flow one, namely, Eq. 110). The momentum equation is

wher-'e the area ?atio Az.A [, which determines is obtained from

Since A2 8!A s, and thus M2 s, depends on (R2 / Rt )|, a trial value is needed
brt the (ha/iR) 2 in eq. 4 ) in order to solve Eq. (6} for the sa param-

eter. However, as menioned on page 18, the area ratio (RA /R, ) found
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from the continuity and momentum equations (Eqs. 10 and 26, respec-
tively) is determined for various assumed values of M, . Thus, in the
oreses.t case the assumed M, yields an (Rz-iR)* from Fq. 10 (continu-
itvl which is then ,s-ei an a trial ulue !n Eq. ,., ,,

(momentum) may also be solved for (RZ /R )z. The Mas corresponding
to the Azs/As in Eq. (27) is used to obtain the pressure ratio pz,/p v.

e. Flow Throttling

The three flow models developed above yield problem solu
tions in the manner described previously on page 18. The solutions de-
pend on certain final assumptions and these were the same as those of
section Zd. In particular, the overall primary pressure ratio Pz/Po was
assumed to be 0.5283 (Mz = 1) and air was the fluid in the primary and
secondary streams. In addition, the decondary-to-primary stagnation
temperature ratio was assumed to be unity which means Eq. (Z3) deter-
mines the secondary flow ratio. Firally, the injection angle e, was taken
as 60" while the area ratio As/ r R Z was assumed to be 0.05.

The results for t&e secondary mixing, sheet flow, and secondary
expansion rriodels are shown in Fig. 9. Also shown, for purposes of
comp-rison, are the curves of Fig. 8. It is apparent that the comparable
flow models (secondary mixing versus mixing process and sheet flow
versus vortex sheet) yield very different flow throttling performance.
The difference between them results from the new treatment of the sepa-
rated flow region as well as the assumption that there is no acceleration
of the entering secondary flow. The major portion of this difference, how-
ever, is due to the assumption of a negligible pressure in the separated

flow Zone.
The difference between the mixing process and secondary mixing

cases is seen to be smaller than the difference between the vortex sheet
and sheet flow cases. Although this effect is a direct result of the con-
sideration of the separated flow region, it may be traced to a more basic
reason. This reason is a- two-sided one which involves an assumption

in the mixing process and secondary mixing models as well as an inherent
feature of the vortex sheet and sheet flow models. The effect in question
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is a result of the assumption that the average st. ;atlon conditions,

in the mixing process and sern'.ary mixing cases, are the same as

the initial values in the primary stream. On the other hand, the vortex

sheet and oh.o* nn- models cnn:nt ,cquirc a.. at.Lugvub dssumption

since the primary and tecondary flows are considered separately. Fur-

therrn -re, the assumption in th- mixing models means that the results

must become somewhat unrealistic at high secondary flow rates.

Although specific comparisons to experimental data follow in

another section, it was found that the sheet flow and secondary expan-

sion cases encompassed almost all of the data. This seems vory reason-

able since these flow models are, in a senise, two extremes, of a type of

flow behavior. In the sheet flow case the secondary stream flows in a

sheet circumjacent to the primary stream. Thus, the secondary pressure

(at station 2 in the analysis) is determined by the primary stream and,

since the change in flow direction (120) is large, the secondary stream

is separated from the nozzle wall. In the secondary expansion case, how-

ever, the secondary stream expands to fill the area between the primary

stream and the wall. In this case the secondary pressure is independent

of the adjacent primary value and there is no separated flow region. The

water table observations indicated that both flow configurations ex'st

simultaneously (separation upstream of secondary expansion zone) and, if

the air data may be taken as proof, this may actually be the case.

Finally, it should be pointed out that the sheet flow and secondary

expansion models seem to be capable of taking account of temperature

effects. As shown on page 4, hot and cold gas data were found to vary in

the same direct proportion to secondary flow ratio times [T%/T. I .

The throttling performance of the sheet flow and secondary expansion flow

configurations is similarly related to secondary flow. The secondary-to-

primary stagnation temperature ratio does not appear in the continuity

equation (Eq. 10) or in the momentum equations (Eqs. 25 and 26) of either

model. Thus, for a given secondary-to-primary stagnation pressure

ratio, throttling performance is specified. Hovc-.cr, accordizg to Eq. (i9)
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the secondary flow ratio becomes

w S *S T

which means thaE the zcccnda ry flo~w for a giveit Ehrittling level ib pro-
portional to the stagnation temperature ratio. Furthermore, it is obvious
that if the secondary flow tio is multiplied by fT; 5 /To] then throttling
performaree is independena. of temperature rutio and related to the pararn-

etc r

w IToI
Po Li0

by a constant.
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SECTION IV

EXPERIMENTAL RESULTS

The initial phase of the NSL effort took the form. of a series o'!

experiments in which secondary injection was used in an axially syM -

metric nozzle. A variety of injection configurations were tested with

air as the working fluid in both the primary and secondary streams.

The objective of the program was to determine some of the flow throttling

and thrust control characteristics peculiar to the injection method. These

tests are the primary concern of this section of "he report. The first

portion of this section is devoted to a descriptive discussion of the model

and test conditions. The remainder of this section is a presentation of

the test results.

A. MODEL DETAILS AND TEST CONDITIONS

1. Air Supply System

The supply systems for both primary and secondary air are shown

in the schematic diagram of Fig. 10. Air ior the primary flow was pumped

by Chicago Pneumatic Compressors through a drier into three storage

tanks denoted as receivers. As it flowed from the receivers, the air was

throttled by the main control valve before flowing through a surge tank to

the primary flowmeters. The flowmeters were used to measure the mass

flow of primary air flowing through the model. After passing through the

flowmeters, the air passed through a bellows system and into the model
settling chamber. A thermocouple located just upstream of the flow-

meters was used to obtain the stagnation temperature of the primary air.

A 150 psia Heise gage was used to measure the primary stagnation pres-

sure. This stagnation pressure was maintained at a constant level regard-

less of tue amount of primary flow throttling. The primary stagnation

pressure (P) was 100 psia in nearly all of the runz the t t prograin

(exceptions: 75 psia and 50 psia).
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The sezondary air, during most of the tests, was obtainel f rom

banks of standard air bottles having an initial pressure of 2500 psi.

For the last group of runs, however, a storage tank and compressor

(1500 p~ie;de prtfs .ie) repiacr-d the bottled air supply. Both sources

delivered air to the same pressure regulating system. Two manually

operated secondary flow control valves, downstream of the Ziowmeter,

were use~d to obtain the desired secondary ;tagrta4iva pres:sure %hich

was mv-asured with a 3000 poia Hleise pressure gage. As in the primary

flow, a Rubicon potentiometer was used to m.easrur. thte output of a stag-

nation temperature thermocoupie located upstream of the flowmeter

The secondary air flow-ejd through a pair of flexible hoses before enter-

ing the mnodel secondary 3ettling chamber.

2. Model Arrangement

Tht model arrangement is ,hown in some etail in Fig. Ila.

Strain gage techniques were employed to measure directly the forces of

interest on the model. Nozzle thrust was measured with the NSL w4 ll

balance, and a pair of balances mounted on either side of the model

deternined sde force magnitude and position.

The primary air flowed through four bellows in a system designed

to transmit a minimum of interferenc forces to the model. As shown

iFig. Ilb, each bel!ows had a p--i of tin rcta~ -munedo

either side. These rerstraints restricted bellows distortion while allowing

mondel displacement (due to thrust) to occur without oppositi-n. After

passing through the bellows, the primnary air flowed into the model

through a tee dausigned to give a minimum resultant net force on ae

model.

The Aeight of the model r-, tem shown in Fig. Ila was supported

by a counterweight so that only small tare forces acted on the moment

halances with no flow thraugh the model. A long cable and pulley were

used in the counverweicht systern so that the only resistance to thrust

took thr fn--r' of ~ frict ion force in thu _Iley.

The strain ga~e balance '-alibrations tthe-e performed with the

secondary air systemn pressurized and primary air flow ranging from
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zero t- the maximum design value of one pound per second. During
caltbration runs a specially dctigned PiDe tee replaced thc- nozzle i
the mzdc1 . This tee exhausted the arimary ai1 in .directions n!ormal to
the model Axis :n an effort to minimize interference forces which w.ould
affect the thrust calibration. Similarly, a negligible Ifc vntesd

force calibration was obtained by the exhaust of equal flows in opposition
to one another (a drawing of the nozzle details showing the tee location

is shown in Fig. 12).

The results of the thrust cal-Lbrdcion in~dicated tha: the primary
flow had essentially no effect u the rncasurcme,mts This is attributed
to the flexibility of the bellows system. Thrust effect on. side force was
appreciable but this was unavoidable due to the thrust force being trans-

mitted to the wall balance by the side force balances.

A photograph of the -nodel installation is shown in Fig. 13.

3. Nozzle Design

The details of the nozzle portion of the model are shown in
Fig. 12. The primary nozzle was conica! and designed to expand the
flow to atmospheric pressure. The design flow rate was one pound per
second with a stagnation pressure of 1-00 Psia and a stagnation tempera-
ture of 530'R. The exit Mach numnber of the nozzle, accordieag to the
exit-to-throat area ratio, was 2.1.

The complete nozzle was assembled from three separate pieces
with the bolted back plate holding the assembly in its proper orienta-
tion. The centr2' portion of the nozzle was cha.nged for each new in-

Jeto ofgrto.Two static pressure iaps were located near the
nozzle exit.

A pressure tap in the wall of the primary settling chamber
measured the p.'ixary flow stagnation pressure while a pressure tap in
the outside wall of the secondary se"Lling chamber war. used to measure
the secondary flow stagnation pressure. This secon~dary stagnation
pressure was varied between 70 and 3100 psia. The injection area was
such that a pressure of 300 psia produced a secondary flow of about
0. 15 lb per second. The primar- sta-natiLon pressure 1,100 psta) and
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no;.gIe throat area (0.430 in. 2 ) resulted in an unrest-ic.
0 d (no flowthrottling) primary flow of approxciacvl bI ncr cs..-r, 

=

-. injection Configurations
The significant configurations that were tested are desrrihrA blow by the pertinent information concerninr orifice geometry, etc.

Configuration No. Holes Hole Dia. (in.) € (deg.) Slot Width

C 16 0. 032 90

16ts 0. 032 60
E 8 0.032 60 .. __._

F 32 0.032 60
G 16 0.0465 

LH 32 0.032 60

Sa,-e 3c F except that injectlon holes are
slightly upstream of nozzle throat

3 
=---' 0 0. 020

r Same as J except that injection is from3 twe diametri..ji uppo _itc Quad rants
K 52 0. 0292 60

L 6O.0 6 60

Dinmeter given cerrsponds t throat n f
nozzle shaped holes with a design injectiot,
(exit) Mach number of 1.8. These holes
exhausted air at a station slightly upstream
ox the throat.

*Urness otherw ise speci:fied all orifices ar' a.t th,- noztl--hj and....iispac:ed around the circumference The._ injetio angle-,.. .as.d pevi-lousiy, is thle ang le include-d be.,.tw th pmary t I  
anzle axs aefnd the ax sof .njection . U nless otherw ise .. .sp ci ie = 100) p .z~ x s a d a e a
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Configuration No. H.les Hole Dia. (in.1 6(deg.) Slot Width

L 8 0.0465 bOr

M 31- UJ. o0

The primary nozzle shape was modified to

produce a slightly smaller pressure gradient

in the throat region. In addition. the iniertion

holes were located slightly upstrear of the

throat.

M 16 0.032 60rl

M 16 0. 0 3 6 0
ra

Primary stagnation pressure (p0) = 75 psia.

M 16 0.032 0
r3

Primary stagnation pressure (:) = 50 pa:.

There were a few additional configurations tested which are not
listed ab-ve. In these configurations secondary air was injected at a
station about two thirds of the throat radius upstream of the throat. Since

the results obtained were not significant. no further mention of these con-

figurations will be made.

The asymmetric injection configurations tested were merely modi-
fications of the ones that appear in the above table. As shown in Fig. 12.

the secondary air flowed through threaded holes beiore bring exhausted

from the various types of injection orifices. Therefore, to produce asym-

rntric injection, screws and sealing gaskets were used which blocked the

passage of flow to various holes. Cozc'igurations C, D, F, G ,. and J
were so modified to obtain asymmetric injection data.*

The subscript s is used to denote an asymmetric injection configura-
tion (for example, F.).
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B. TEST RE-SULTS

I. Flow Throttling

The e::perimrentz! flow throttling performance ,f the various -on-

z.gurations in the Phase I program is preentni in *he Vt.--!..-ng tahae

graphs. The dat is compared to the corresponding theoreti:al results
for the sheet flow and secondary expansion configuration€.

A few words of evolanation ar- in nr-lA, conccrrng th. anaiy'titni

model flow caiculations. The basis of the theoretical calculations was
the same for e--cry injection con.iguration. It was assumed, for instance,

that the flow throttling which occurred in the nozzie (shown in F-g. 12)

took place in a relatively short axial distance. Thus, the prin'iry ers-
/

sure ratio was taken as pV1p, = 0.5283 (M2 = I) and the throat area
(0.430 in.?) was assumed to be -Rj-. In all cases, of corrse, air was

the working fluid in the prima.ry and secondary streams. The measure-

ments of primary and secondary stagnation temperatures (about 530*R)

.. dicated that, for analytical calculation purposes, a value of unity was

- good appruxunation for the secondary-to-primary stagn-atinn tempera-

ture ratio. S1ce the analytical methods do not contain an orifice co-

efficient (Op in the secondary mass flow equation, the area ratio A. !SR,z
w~s replaced, in -he arnlytical calculations, by C A , sR. This

procedure was adopted, somewhat -rbitrarily. zo th,t th. Lheoretical
and experimental stagnation pressure ratiosPospo would be aout the

same for a given w /,1w . The value of 6 was 60 in every ronfigura-

tion except one (see configuration list on page 38).

The flow throt'ling results obtained with configura:ions C, D. E.
and F are shown in F;g. 14. Primary flow ratio is plotted against

secondary flow ratio with -he data normalized by the w value appro-

priate to the particular :onfg-rition. This plot hoe--s configurations in

An approxunation to the averate value of C was used for each con-

ficuration.

he eDerm-ta unt t rtaint,- .or Al of "h- Phase i data) in the GOt

i'R 4- en :1. ar40a .-- %-00 i

AIA'
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all of which the injection orifices arc hou1cs 0.03Z inches in dia-meter. it

is apparent that the areenent between theory and experlnnent r' not very

good at 6 = 9C" However. i-t 4-- 60' the da-Z appears to corroorate

me theoretical u:d . Ta-------. gh# the

result of a shorter axial distance in which hruU 5* akci i Fla-t r.-

by a 6 of 60' wherein the secondary flow is directed upstrearn. The

number of injection holes evidenitly does not affect experimental agree-

ment with the theoretical models.

In Fig. k5 the primary flow ratio of canfrig.urations F and H is

plotted against secondary flow ratio. Configuration H is te 5rne as F

except for itts injection orifir.- being effectively (nozzle contour slightly

modified- moved to a position slightly upstream of the nozzle throat.

There is essentially no difference in performance between these two con-

figurations.

Primary flow ratio is plotte-- against secondary flow ratio for

configurations G. L, and L_ in Fig. 16. Although the L cof igurations

had injection orifices designed fox supersonic flow, it is believed that

such flow was neve-r achieved. !he ¢ s no pressure ratios arinally rin

were too low w fill the orifice nozzle with supersonic flow.* Further-

more, the flow throttlinr of :he 1. configurations is essentially the sam-he

as that of the G one which has sonic injection orifices. In spite o thbe
different (ro that in ri.s. i4 and i51 oriiice di zne:er of 0.0465 "'ches,

the data agrees with the corresponding results of the analytical models.

In addition, the w....oer of such holes (L with 16, L_ wit-1 81 also dos

not affect agreement betw een theory and experL-nent.

Figit- 17 Chows the throt, ing performance of configurations K,

3, and S. The primary floe. variafion with secondary fiow is seen to

be essentially the same for configurations K and J. This agreenent

idicates that there is no inwortant difference between slot an- orifice

injection. Coifiguration Jr. in which flow wat injected from opposite

The analytical results therefore assunmed"tat ;he enterng seco eary
flow did net expand to supersonic speed.

m ONF IDENT IAL!
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quadrants of the slot,' yields the saine throttling variation as ,hat ot i.
This result shown a rather surprising independ-nce of perforn-ance
(ruim the injection arran.ernent. All of the data in Fig. 17 shows good
agreenient with the analytical results.

The flow throttlin.7 ni-rfrnrman. - n(fi-ratfan-.j

ar comPared to the corrcs ponding az&aiyticai reults in rig. io. The
theoretical models are apparently substantiated by the C::,-i-MentaI
data. In these configuraticrz the injection orifices are 0.032 inch
diameter holes but the nozzle contour in the M case is modified as
shown in the sketch below.

FLON

DOTORRECTIONIO SAT)

DIR C C-IO N CON TO UR and INJECTIO N STATION
FO9 AuL OTHER CONFIGURATIONS

This M contour produces a slightl~l smaller pressure gradient in the
throat r'.gion. Nevertheless, the -hrottling performance achieved by
the M configuration is not significantly different from that of F, or,
for that matter, M. . Although the difft-rence in throttling between
X!~ ind '.'is negiigi.uie, it should be noted that the chang2 in contour
produces only a small decrease in the throat-regic.. pzessure gradient.

TR 4130 i
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The lack of an effect of the number of orifices het%.en %' and Idt I
agrees with the results above (in Figs. 14 and 16).

Configt:rations 2. 1  M_ and ri zre compared to the appro-
a a a!, Z'!......... ...... .... t .. . . ... . t. .. S to *A , aiI-

pressure ratit, was assumed to be suc!- th -: .4 = 1, for the purposes

of the theoretical calculations. The agreement of the data with the

analytical results, in spite of the various primary stagnation pressures,

seems to support the hypothesis that the throttling process takes place in

a relatively short axial distance where the nozzle area can be considered

approximately constant.

The flow throttline results for configurations F and 1 are shown

in Fig. 20 where asymmetric injection is compared to symmetri4, injec-

tion. Although only configurations F and J are shown, results are

similar with all of the other.. It is obvious that as),nmetric throttling is

essentially the same aa -inmietr'., on the basis of a given secondary

flow rate. This result agrees with the one obtained with configuration Jr'

and adds further evidence to the suppocition that flow throttling is inde-

petident of the circumferential injection arrangement (W£).
The data obtained with configuration J is compared to some

NACA data in Fig. 21. All of the configurations are of the slot type with

comparable injection areas. It is apparent that the NSL and NACA data

are not cons-derably different. The smaller injection angle of the NSL

data increases flow throttling while the higher pressare ratio ( PO/Patn)

has the opposite effect. However, as evidenced by the results cited

above for configuration Mr , b- ,- nd a pressure rat:o of about 3.4 this

parameter does not seem to influence flow thiottling. It is thus believed

that in the present instance the difference in primary nozzles is of more

importance than the primary pressure ratio. The NSL and NACA data

tre therefore reasonably similar with the difference attributable to the

differences in injection angle and primary nozzle gcometry.

The primary stagnation pressures were 100, 75, and 50 psia for
Mr Vi , and Mr1 respectively.
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The rest-!:b shown in Figs. 14 through ZI indicate that all of the

configurations tc.ted have approx.,ate ij the same flow throttling

characteristics. In addition, this flow throttling is significant compa:ed

t- the. ..arininn .. hich inmlies constant total nozzle flow. Theory agrees

with experiment over a range of injectian variables.

2. Thrust Control

The thrust of a conventional nozzle is directly proportional to

tt. product of its mass flow and exit v.locity. However, it was not

known, a priori, to what extent secondary injection might affect this re-

lationship. Furthermore, if the NSL theoretical work had been available

prior to the tests, it might have been cf little use for information about

thrust da riation.

The thrust measurements obtained in the Phase I test program

are similar to those reported (and discussed in Section IIB) by the NACA

in Ref. 1. That is, it was found that the thrust is proportional to the

total (primary pius secondary) nozzle flow. The value of a thrust param-

eter defined as

r 'T0
w +w

w
PO

wa. calculated for all of the significant test data. Tr and T are the

imnL-asured thrusts which correspond to the measured flow rates w and
Pa

wp 4 w., rebpectively. This thrust parameter vas found to be between

0.96 and 1.04 in over 97 percent of the test runs (iicl'des symmetric

and asymmetric injection data). This range is somewha'. higher than the

thrtiqt ratio (0.94 - 0.18) of the NACA data bt.t the corretponding param-

et'r (set page 7) is lot the same as the one above. In fact, the differ-

ence in numerical results is believ,- :.. be due to the difference in defini-

tions. rhe- NA A thrust ratio would tend to be slightly smaller since the

V involved increases with w

Thus, it mty be said that the NSL and NACA data are in close
a,_r,-ement on the nroportinn.-Aity of thrust t,3 total noz - fO,.. FUith ej

11,0e, the p'roportion m.akes it appear that the exhaust .locity of the
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nozzle remains essentially constant. E,:a.inatic,. ui parricuiar data.

however, showb a significant t.-end in the variation of thrust .vith total

nozzle flow.

The ,h" uv' rdLio "/10 ann total H1ow ratio (wn + %' W 11 ot con-
figurations F, J, and K are shown aa a function of secondary flow in

Fig. 22. The resutz shown are typical ot asymmetric as well as sy vr-

metri, injection configurations. Although it is not apparent in the case

of configuration F, the others show aa obvious difference between T/T0

ard (w + w )/w which is dn increasing function of secondary flow rate.

Thus, it appears probable, and reasonably so, that there is a loss in

exhaust velocity which incrcase-s with secondary flow. This might be

considered as a loss in throttling e-ficiency from the viewpoint which

seeks a maximumn from the propulsive potential of the total nozzle flow.

In spite of the efforts (mentioned earlier) to make it otherwise,

nozzle thrust and primary flow had a pronounced effect on the calibration

of the side force balances. In fact, this effect was large enough so that

. severe limit was imposed on the accu, racy of the side force measure-

ments. Nevertheless, asymmetric configurations were tested and a

few qualitative remarks may be made about the corresponding results.

Configurations C, D, F, G, L, and J were modified, as men-
tioned previously, to permit side force evaluations. In these configura-

tions injection took place over an arc of about one quarter or one half of

the circumference. In all cases, the side force, as expected, was toward

the side of the nozzle from which the secondary flow was injected.

The side force wae found, as in the UAC and NACA tests, to be

proportional to the secondary flow rate. How,'oer, the magnitude of the

side force was discernible only to the extent that it was of the order of

the secondary flow reaction force. The effect of the circumferential in-

Jection angle (0) was not ascertainable from the data.

3. Nozzle Pressure-

The primary nozzle was instrumented with two pressure taps

which were used to measure the static pressure near the nozzle exit.

The experim wr til uncclri ,idy *-n T/To is approxim-.ately -tl per,:ent.
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lhe data obtained fromn configuration~z I- aiJ3, for syemmetrig, and

asymmretric injection, is plotted in F'ig. Z~3 as a tuflctivii U1~~Idr

flow ratio.4* The datm is :onnectud by si:.rtighti Foes merc!;f-i-

t'r '-. he C1r- -Pb#-'~ *,* sh% .f ~ 5 htsL co fg fa n Is typical

ot tsie meabureniunis curr 'at thc nther config-u-tionn. stai.

tion a is upstream of station b, and +-:- pressure tapt, arf .txiallv In

live with one another (set; bketch on page 42). It is appd.rt--.t that *in. the

case of symmetric injection- ph increases or decreast-0 only slightly

with Increasing secondary flow rate. In some casub it remains essen-

tially constant. At station a, however, the static pre.ssvrv tendEh to

decrease with increases in secondary flow.

In bharp centrast to these effects are those of the data for

asymmetric injection. it should be pointed out, however, that the

pressure taps are located on the inje.-tion side of the nozzle at about the

middle of the circumferential angle of injection (0). The asymmetric

injection data shows a pronounccd decrease in static pressure with in-

creasing secondary flow rate. In spite of the apparent difference it% th..

shape of the data betv-een configurations F sand J a, the flow behavior in

both is believed to be basically the samne. In both configurations, asym-

metric injection decreases the pressure downstream of the injection

zone. Furthermore, this decrease evidently extends to the end of the

nozzle since the: downstream pressure t.Ap is also affected. However,

the J configuration, probably duie to the difference in 13, shows a

significantly greater rate of pressure decreaie than the F configura'ion.

Thus, the subsequent rise in pressure, first at station bt and then at

station a, indicates that the flow separated 'at least locally) from the

nozzle wall. After 6teparation, the pressiures naturally alpproath the

ambient atmospheric level (p 'p0 = 0.147). Ilhe F Sconfiguration, io. con-

tra st, shou~s taat se=na ra.t:ri did not take rl~-.sinc- bath pressurets Ov

creased in I mono-onmc fashion.

Also hu%&! in F'iu. 23, for ;'urpo-_es of conipartso.., are the

i -,sur-e i i'id *. . .. ," -,hih corresondi to l sentrop,.c,

UIhe ex primetal izt , rt i nt% it- III.- no..4i pnre .ssu re rnca sl repie it s
necl igible ot, tht- sc.dv hox 'n - c2
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cne-dimensicinal flow in the basic nozzle. The 8 Q~ hr--'ii -s typi a± i

"hat the measured pres~urtes were eqal th de ideal vaitue

at station a whil-, the data at station b was always hit-her th.i. Owi_-l

.. 1...T,,. n pqong,. nf the nozzle bounA- rv Ia'. er tends to reduce the

flow area and thus the M1ach number. A lower IMach number corre-

sponds to a higher pressure such as that shown at station b. However,

the same effect is not eviti-nt at station a -tince the local acceleratior-4 of

the flow at the wall in !he Uhroat region (where the n-azzlc shape makes

the flow two-dimensional) extends somec distance downstream.

The decreases in static pressure shown in Fig. 23 suggest cer-

tai;n possibilities .vith regard to 47low behavior. Such a decrease in static

pressure seems to indicate a local acceleration of the tl0w at least near

the wall. However, the opposing effects of viscous losses and incrrcasing

secondary stagn~.tion pressures may change po from the constant value

of 100 psia assurned in Fig. Z3. Furthermore, the flow at the wail in~ay

be mostly secondary flow as part of a large injection zone wl'ich exterdz

downs' rearm front the nu~zitf throaI. Nevertheltas it appears that th-e

flow at the wall may be accelerated downstream of the injection btation.

in the case of symmetric injection *.he flow are#-ratinn (compared to

w= 0) might be followed by a weak shock wave be;.weten stations a and' b

(a rea ratios A/A.. of app roxim ately 1.4 7 and 1.8 1, re.s pectiv ely). Tm s

would explain the decrease of static pressure at station "being greater

than that at station b. In the case of asymmetric injection the process

might be similar but arrplified in the region local to injection,ie.

directly do nstream of the injection zone. That is, the decrease in0

for a given secondary flow rate might produce a greater region of dis-

turbed flow. The correspondint increase in local acceleration would then

explain the greater (compared to symmetric injection) decrease in static

pressure. F urthermore, the increat-J region of disturbed flow might

also move the shock wave dowitbtretrn. This would then explain the be-

havior of the asymmetric injection pressure measururrents.
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S (TO10N VI
CCONCL-IN'eS~ AN FUTUR FEt~i WORK

The theoretical and experimental rte:ults prese-ited herein lead

to certain conclusions regarding thrust control with secondary in-

Jee tiofl.

1. A relatively simple aunalytical flow mode! was devised which

assumes isentropic, one-dimensional flow in a constant area chanl.

This model yieids flo%% throttling results which -.;orrelate the experi-

mental data.

2. The 1flow tlire-ttlng achi-ived wit-h sccndarv injection .- i

nificant and roughly the same for all ot the configurations tebted. The

reduction in primary flow is about 2.1 times the injected secondary flow.

3. Flow throttling is insensitive to the orifice arrangement
(slot versus hole&, etc.) in symmetric and ary-mmetric injection.

4. Flow throttling iz not changed by vartattons in the overall

primary pressure r-2tin when thc level is in the supersonic range.

5. Overall primary pressure ratios in the transonic range in-

crease the sensitivitv nf flow throttling to injection area.

6i. Flow thro~fing varies bignificantly with injection angle ()

7. The circumferential angle of injection (0) has no effect on

flow throttling (based on a given secondary flow rate).

8. Primary =n-zle geometry is important but its importance 1

affected by the oveiall W-1irnary pressure rat-.. The effect of geometry

is attenuated by increasing primary pressure rauxo.

9. Thrust is directly proportional to total nozzle flow. The

proportionality constant. however, decrease-s lowly from a valur of.

one with increasing se,.7ndary flow (for both symmetric and aymtc
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The second major phase of NSL worlk bepan with an - xPerimental

study debitgned to investigate the basic nature of the inJecticei prccess.
According to orig~nal plans, the water table technique was to have been
used for this expcrime-.iation. However, as mtntioned in Svction MRI.
this method was abandoned in favor of a twn-dimensional gas model.
Some tests have been performed with this type ot model and the techniquc
worked :;o well that it was decded to pursue the remainder of the inveb"ti-
gation with this apparatus.

r'he remainder of work being planned is designed to study further
the feasibility of thrust control with gas injection. The experimental
portion will investigate the effects of iection angle ( 4 ), throat region
geometry and injection location. The analytical work presented herein
will be modified, where necessary, to correlate additional data. In ad-
dition, the NSI. analytical method will be used t-i predict results for real
engine conditions (as the method permits) as well as others of interest.
In this ccnnection, recent calculations have indicated very favorable re -
sults with low molecular wezght gases (secondary fliow) such as helium.
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